Background: Resection of the primary tumour is a prerequisite for cure in patients with colorectal cancer, but hepatic metastasectomy has been used increasingly with curative intent. This national registry study examined prognostic factors for radically treated primary tumours, including the subgroup of patients undergoing liver metastasectomy.
Introduction
Colorectal cancer is the third most common cancer globally and is estimated to cause around 9 per cent of all cancer deaths in the world (860 000 worldwide in 2018) 1 . A 5-year survival rate of 50-69 per cent is expected in many high-income countries 2 , and improvements in prognosis have been attributed to earlier detection, surgical technique and resection rate of primary, increasing use of systemic treatments and improvements in the treatment of stage IV disease, especially in older individuals 3 -5 . A decline in the mortality rate of patients with stage IV disease, with an absolute 5-year survival rate above 10 per cent during the past decade, has been associated with increased use of attempted curative treatment in some western European countries 5 -8 . Liver metastases develop in 20-30 per cent of all patients with colorectal cancer 9, 10 . The indication for liver surgery has widened regarding number and size of metastases 11 , but is limited by the need for an adequate remnant liver volume and extrahepatic disease. The importance of liver surgery specialist participation in multidisciplinary boards has been emphasized, to increase the use of curative strategies 12 -14 . Five-year overall survival (OS) rates of 40-60 per cent Age, high BMI and co-morbidity are known risk factors for poor survival in patients with colorectal cancer 22 -24 . Lymph node status of the primary tumour is a well recognized prognostic factor 25 , although preoperative chemotherapy might modify its importance 26, 27 . Lymphovascular and perineural invasion have also been attributed as independent factors for survival 28, 29 . It is proposed that the location of the primary colorectal tumour is associated with OS after surgery of colorectal liver metastases. Patients with right-sided tumours have longer recurrence-free survival than those with left-sided tumours, but at recurrence the course of the disease seems to be more complicated with shorter OS 30 . Colorectal liver metastases (CRLM) from mucinous tumours, which are more common in the right colon, seem to be associated with shorter OS 31 . The right colon, evolving from the mid gut, and the left colon, evolving from the hind gut, are physiologically distinct and may also differ in genetic and immunopathological characteristics 32, 33 .
To determine whether liver metastases should be surgically resected, clinical risk scores and selection criteria based on chemotherapy response and technical aspects of operability have all been advocated 34 -37 . To reach an optimal decision, it is important to identify prognostic patient and primary tumour factors that are also prognostic for the decision regarding liver metastasectomy.
The aim of this study was to identify patient and tumour factors at the time of resection of the primary colorectal cancer that should be considered when treatment of liver metastases is being discussed.
Methods
Patients diagnosed with colorectal cancer in Sweden between 2009 and 2013 were identified in the Swedish Colorectal Cancer Register (SCRCR). Patient and tumour characteristics related to the primary surgical treatment included age, sex and location of tumour, TNM stage, and all known metastatic disease. If more than one colorectal cancer diagnosis was registered, the first date of diagnosis was used for data collection. Retrieved data were linked to the Swedish Registry for Liver Surgery (SweLiv), in which population-based data on CRLM resections in Sweden have been collected since 2008. Information on patient and metastatic tumour characteristics and treatment was collected from the SweLiv register. When there was more than one event involving liver surgery, only the first event was considered. Data were collected from the clinical cancer registers in February 2018, and registry data were linked to the Swedish population register for survival analysis. For the liver-treated cohort, follow-up data were Age-standardized relative survival in a R0 cohort and b liver-treated cohort according to sex; relative survival in c R0 cohort and d liver-treated cohort according to age; and age-standardized relative survival in e R0 cohort and f liver-treated cohort according to ASA grade. Survival in a R0 cohort and b liver-treated cohort according to tumour location; survival in c R0 cohort and d liver-treated cohort according to pT category; survival in e R0 cohort and f liver-treated cohort according to pN category; survival in g R0 cohort and h liver-treated cohort according to synchronous metastases at diagnosis of primary colorectal tumour. updated in March 2019. The cohort of patients with surgically treated (resection or ablation) liver metastases constituted a subgroup of the patients who had undergone an R0 resection. Survival was calculated from the date of diagnosis when comparing the cohorts, and from date of liver surgery when analysing the liver-treated cohort. Synchronous metastases were defined as metastases reported within 30 days of surgery for the primary tumour. The coverage of SCRCR, compared with that of the Swedish cancer registry, where registration is compulsory, has been shown previously 38, 39 to be accurate for 97-99⋅9 per cent for the different years of the study. Good conformity with the source data has been reported for both registries.
Lymph node positivity of the primary tumour in histopathology reports was initially analysed by means of the N category, the ratio of the number of positive lymph nodes to the total number of lymph nodes removed (lymph node ratio (LNR)) and the log odds of positive lymph nodes (LODDS). Univariable analysis indicated that LNR showed the strongest correlation with survival and was used in the multivariable analyses.
A composite variable for severe postoperative 30-day complications was generated by including postoperative care in the ICU, sepsis and reoperation (equivalent to Clavien-Dindo grade IIIB or above).
The study was approved by the ethical regional board in Gothenburg (189-15). Patients were informed of the use of data for study purposes by the registries.
Statistical analysis
Differences in distributions of variables between R0 and liver-treated cohorts were tested by Pearson's χ 2 test. OS was determined by means of the Kaplan-Meier method, and relative survival using the Ederer II method 40 . Age standardization of relative survival was performed using the standard weight distributions for cancers (International Cancer Survival Standards) 41 . Mortality rates by sex, 1-year age group and 1-year calendar period for the general population in Sweden were used to estimate expected survival rates for the study populations. Relative risk (RR) for up to 5 years of follow-up between different groups for OS was analysed using the Cox regression method, and presented as hazard ratio (HR) with 95 per cent confidence intervals. The proportional hazards assumption was assessed with Schoenfeld's test. It was violated (P < 0⋅050) for some of the co-variables, and thus their HR must be interpreted as an average over the time interval studied. The RR between different groups for relative survival was analysed by Poisson regression and presented as the excess mortality rate ratio (EMRR) with 95 per cent confidence intervals 42 ; after the Poisson regression, the Wald test was used to determine statistical significance. Both univariable and multivariable regressions were used. Variables in the univariable analyses included age, sex, BMI, location of tumour, TNM stage, metastatic pattern, tumour grade, mucinous tumour, vascular and neural invasion, acute or elective surgery, and perioperative/postoperative complications. Variables significant at P < 0⋅100 in the univariable analysis were tested through a backward stepwise selection process for their independent effect on OS. When there were overlapping prognostic factors, only one parameter was analysed further in the multivariable analyses. P < 0⋅050 was considered statistically significant. All statistical analyses were carried out with Stata ® version 15.1 (StataCorp, College Station, Texas, USA).
Results
Between 2009 and 2013, 28 765 patients with colorectal cancer were registered in the SCRCR, of whom 6406 (22⋅3 per cent) had synchronous metastatic disease. The median duration of follow-up was 6⋅4 years in the colorectal cancer cohort for those alive at the end of the follow-up period. For those undergoing treatment for liver metastases, median follow-up was 6⋅1 years for those alive at the end of follow-up. Demographic data are presented in Table 1 .
Liver metastases were detected in 3427 (16⋅4 per cent) of the 20 853 patients in the R0 cohort (in either register), of whom 1325 (38⋅7 per cent) were registered in SweLiv as treated for liver metastases by resection or ablation therapy; these patients constitute the liver-treated cohort. Significantly more men (1998 of 10 939, 18⋅3 per cent) than women (1429 of 9914, 14⋅4 per cent) with liver metastases were registered. There was a higher proportion of men in the liver-treated cohort (61⋅3 per cent) than in the R0 cohort (52⋅5 per cent) (P < 0⋅001). In the liver-treated cohort, 1224 patients underwent resection and 101 patients were treated with ablation only. Altogether, 731 patients were treated for synchronous metastases and 594 for metachronous metastases. There were significant differences in selection from the R0 cohort regarding age, sex, BMI, ASA grade, location of primary tumour, pT status, lymph node metastases and metastases ( Table 1) .
Survival
The 5-year OS rate was 53⋅8 (95 per cent c.i. 53⋅2 to 54⋅3) per cent for all patients with colorectal cancer, 25⋅2 (23⋅7 to 26⋅8) per cent for the non-radically resected group, and 15⋅2 (14⋅2 to 16⋅2) per cent for the non-operated group. The 5-year OS rate was 66⋅8 (66⋅2 to 67⋅5) per cent in the R0 cohort and 48⋅6 (45⋅8 to 51⋅3) per cent in the liver-treated cohort. The age-standardized 5-year relative survival rate was 65⋅9 (65⋅2 to 66⋅6) per cent for all patients with colorectal cancer, 80⋅9 (80⋅2 to 81⋅6) per cent in the R0 cohort and 49⋅6 (46⋅0 to 53⋅2) per cent in the liver-treated cohort.
Survival, stratified in quartiles based on time from diagnosis of the colorectal primary to surgery for liver metastases, was significantly worse only for patients in the third quartile (operated on after 0⋅76-1⋅54 years): agestandardized 5-year relative survival rate 44⋅0 (95 per cent c.i. 37⋅9 to 50⋅0) per cent versus 59⋅9 (50⋅8 to 67⋅9) per cent for patients in the fourth quartile (operated on after 1⋅54 years or more) (Fig. 1) .
Age-standardized relative survival curves for basic patient characteristics (sex, age, ASA grade) and tumour characteristics (site, TNM categories) are shown in Figs 2 and 3 . Synchronous metastases in the R0 cohort were associated with a 5-year age-standardized relative survival rate of 39⋅6 (95 per cent c.i. 36⋅7 to 42⋅4) per cent for isolated liver metastases and 54⋅5 (45⋅9 to 62⋅2) per cent for isolated lung metastases (Fig. 3g ).
Univariable and multivariable analyses
In the primary R0 cohort, pT category and lymph node positivity were the strongest risk factors for excess mortality in both univariable and multivariable analysis besides distant metastases. In multivariable analysis, EMRR values were 3⋅07 for pT4 tumours, 4⋅18 for LNR above 0⋅25, and 4⋅55 for metastases at multiple sites. For the liver-treated cohort, LNR above 0⋅25 remained the strongest tumour-associated risk factor (EMRR 2⋅03 in multivariable analysis). Tumour location in the right colon, tumour grade, vascular invasion and perineural invasion were also significant risk factors in the primary R0 cohort, but for the liver-treated cohort primary tumour location was not a significant risk factor (Tables 2 and 3) .
Among patient factors at the time of resection of the primary tumour, several factors influenced survival in the R0 cohort. Older age, low BMI, ASA grade III-IV, acute (versus elective) surgery, cardiovascular events, serious postoperative complications and bleeding were significant risk factors in multivariable analysis ( Table 2) . For the liver-treated cohort, age was not a significant risk factor, but ASA grade III-IV, acute surgery, cardiovascular events and postoperative complications remained significant in the multivariable analysis ( Table 3) . OS rates and HR values are presented in Tables S1 and S2 (supporting information).
When prognostic variables were evaluated over time comparing years 0-2 with years 2-5, HR values were higher in the R0 cohort for tumour site, tumour grade, acute versus elective surgery and severe complications in the first 2 years after surgery. For female patients, the HR value was more favourable 2-5 years after surgery. For the liver-treated cohort, there were non-proportional HR values for tumour location and tumour grade, with Values in parentheses are percentages unless indicated otherwise; *values in parentheses are 95 per cent confidence intervals. EMRR, excess mortality rate ratio; LNR, lymph node ratio; LODDS, log odds of positive lymph nodes. Values in parentheses are percentages unless indicated otherwise; *values in parentheses are 95 per cent confidence intervals. EMRR, excess mortality rate ratio; LNR, lymph node ratio; LODDS, log odds of positive lymph nodes.
higher HRs in the first 2 years and for severe complications 2-5 years after liver surgery. All non-proportional HRs are presented in Tables S3 and S4 (supporting information) .
Discussion
This population-based study highlights the importance of patient characteristics and primary tumour factors on survival after radical surgery for colorectal cancer and after surgery for liver metastases. Liver surgery was performed in 4⋅6 per cent of all patients with colorectal cancer and in 6⋅4 per cent of those in the R0 cohort. In the R0 cohort, 38⋅7 per cent of patients with liver metastases underwent liver surgery. Despite high resection rates, survival was high with a 5-year relative survival rate of 80⋅9 per cent in the colorectal R0 cohort and 49⋅6 per cent in the liver-treated cohort. In Sweden, liver surgery is centralized to six university hospitals, and most patients with liver metastases are discussed in multidisciplinary tumour boards.
In the R0 cohort a greater than 40 per cent increase in excess mortality was observed in patients with ASA grades III-IV compared with grades I-II for pT3 and pT4 tumours, and for LNR above 0⋅1, acute resections and serious complications. In the liver-treated cohort, EMRR values were generally lower than in the R0 cohort, but a greater than 40 per cent increase in EMRR remained for ASA grades III-IV, LNR above 0⋅1, acute primary tumour resections and serious complications at the time of primary tumour resection. By analysing the difference in EMRR over time, acute resection and serious postoperative complications continued to impact adversely on survival. A postoperative cardiovascular event after colorectal surgery more than doubled the risk of death after liver surgery, probably reflecting primary co-morbidity indicating that a history of a risk factor is important in considering future liver surgery.
The impact of tumour factors did diminish over time, so these features should not influence treatment recommendations regarding late metachronous metastases.
Primary tumour location as a prognostic factor has attracted attention since reports 43, 44 were made of increased KRAS and BRAF mutations in tumours of the right colon. Right-sided tumours are also known to be more advanced when detected 30, 32, 33 . In the present study, excess mortality was observed for right-sided colonic tumours, but this was not transmitted to the liver-treated cohort.
LNR was the single most important local tumour factor for survival in the present study. In both cohorts, the increased risk observed for patients with cancer spread to vascular or neural spaces was minor in comparison with that for LNR, but registration might be underreported if pathologists were not aware of, or focused on, the importance of these factors 28, 29 .
Women underwent proportionally less liver surgery, although their survival was not inferior. Socioeconomic factors may be relevant here, but a prospective study in a primary R0 cohort would be needed to see whether there is a sex difference related to more aggressive spread 19 .
Age was inevitably a risk factor for death, but relative age did not significantly influence survival after liver surgery, even though only 2⋅7 per cent (234 of 8698) of those aged 75 years or above in the R0 cohort underwent resection compared with 9⋅0 per cent of younger patients. For the R0 cohort, patients aged 75 years and above did show an increased EMRR, indicating that those offered liver resection underwent further selection. A cohort study 45 involving 186 patients aged 75 years or more treated by liver resection found a 5-year OS rate of 28 per cent and a 5-year cancer-specific survival rate of 35 per cent. For the 234 patients aged 75 years or more who had liver surgery in the present study, the 5-year OS rate was 38⋅6 per cent and the 5-year relative survival rate was 50⋅2 per cent, confirming the value of this approach. Undertreatment of elderly patients has been cited as a significant contributor to poor results in population-based studies of colorectal cancer survival 46 .
There was a difference in outcome in patients treated for synchronous or metachronous liver metastases. Patients with metastases that were treated surgically 0⋅76-1⋅54 years after diagnosis of the primary tumour had the worst outcome. This might reflect selection of synchronous metastases that needed to be downsized by systemic therapy to become resectable. Patients with metachronous tumours treated 1⋅54-7⋅12 years after diagnosis had a better prognosis, in accordance with other reports 47 . This difference was relatively small in the present study, and the study design could not distinguish between a selection effect or potentially better biology of metachronous tumours.
This study has limitations. The main weakness is that it was retrospective, although the data should have been entered contemporaneously. Registration of the primary tumours and of surgically treated liver metastases was high, but there is a risk that some metachronous metastases were missed. As the study focused on risk factors in a liver-treated cohort, it is believed that the number of missing patients is likely to be small and unlikely to influence the results. The strengths of this study include a large study population, with a resected R0 cohort and liver-resected group from a nationwide perspective. The Swedish colorectal cancer register had a coverage of 96-100 per cent during the study period 48 and, although coverage for SweLiv was somewhat lower than that for the Swedish hospital register 49 , the real rate of liver interventions could be only a few percentage points higher at most.
Co-morbidity, acute surgery for the primary tumour and complications after primary tumour surgery are risk factors for excess mortality after radical colorectal surgery that are transmitted to the liver intervention. LNR and concomitant or earlier metastases are also risk factors that should be considered when treatment for liver metastases is under consideration. Age and timing of metastases are of less importance.
